Due to its unique properties such as high hardness, light transmittance, thermal conductance, chemical stability and corrosion resistance, diamond has drawn tremendous attention in last two decades. These specific properties made diamond film a promising material for cutting tools, microwave windows, heat sinks for electronic devices and diamond electrodes. However, the diamond film with grain sizes at microscale usually exhibits high surface roughness and hinders its applications in the microelectro mechanical system (MEMS) and biological field because it is difficult to be polished by mechanical and chemical methods. With the development of the chemical vapor deposition, the nanocrystalline diamond (NCD) film has been fabricated and found new applications. The grain size of NCD film is in the range of 10 to 100 nm, which inherits the properties of the diamond and possesses the unique properties of the nanoscale materials, and the morphology of the NCD film is granular or needle-like structure. The microwave plasma chemical vapor deposition (MPCVD) has been regarded as the most promising method to deposit NCD film at low temperature. Compared to the hot filament CVD, MPCVD can grow high quality NCD film avoiding of the contamination from the filament materials. The MPCVD technique has high plasma density to activate carbonaceous compound and grow NCD film in high growth rate and low substrate temperature. The unique properties of NCD film, such as the superior electrical, mechanical and biological properties facilitate their application in various fields. The biological application, especially as a biocompatible coating, mainly includes the joint replacement implants and protective coatings and the ophthalmological prosthesis.
Introduction
Diamond as an outstanding material for its unique properties, such as high hardness, chemical inertness, high field emission, high carrier mobility, has attracted much attention over the decades. But natural diamond is difficult to be engineered into many physical configurations required for the desired properties. With the development of the chemical vapor deposition (CVD), which can synthesize the nanocrystalline diamond (NCD) with the precursors of hydrocarbon and hydrogen. NCD inherited the properties of the bulk diamond, and also had nano-materials' properties. NCD film has great potential of applications such as surface acoustic wave, microelectro mechanical systems (MEMS) and biomedical implants.
After William G. E. synthesized diamond by chemical vapor deposition in
1962, researchers and scientists made effort to improving this method [1] . Various CVD methods had been developed, such as low pressure chemical vapor deposition, hot flame chemical vapor deposition, radiofrequency plasma chemical vapor deposition and microwave plasma chemical vapor deposition. Among all these methods, the microwave plasma chemical vapor deposition (MPCVD) was widely used in laboratory and industry. The microwave produced high density and high temperature plasma with electron density in the order of 10 11 cm −3 , which is beneficial to deposit high quality diamond. For microwave plasma deposition technology, electron cyclotron resonance plasma could deposit diamond films at pressure of some hundredths to thousandths torr. Zarrabian et al. concluded that they observed NCD film with pressure of 2.7 mTorr [2] . Kouzuma et al. also reported diamond film could be deposited at pressure of 1 mTorr [3] .
The research and development of NCD films have been developing rapidly in the last decades and new applications emerged continuously. This paper is an attempt to review the structural characteristics, properties, growth techniques of MPCVD and biocompatible applications. Section 2 describes the structural characteristics of NCD compared with microscale diamond films. Section 3 deals with the excellent biocompatible properties. Section 4 discusses the advantages of MPCVD growth techniques. Section 5 introduces the compatible applications of NCD films. In the final section, summary and research prospect are provided.
Structural Characteristics of Nanocrystalline Diamond
Because the carbon atoms are linked by the strong covalent bond, the diamond films possess a series of outstanding properties, for instance high hardness, high thermal conductivity, excellent electrical performance and chemical inertness. Advances in Materials Physics and Chemistry Figure 1 (a) showed the crystal structure of the diamond, composing of sp 3 hybridized C atoms tetrahedrally bonded to form a lattice in which two sets of face centered cubic along the body diagonal translate a quarter of the distance of lattice constant. These superior properties made diamond film applied broadly in the wear resistant device, MEMS, flat panel display and medicine. However, the large grain size and the coarse surface of the microcrystalline diamond film make great trouble in polishing and hindering the application. NCD film has dual properties of diamond and nanomaterials, and has more advantages than ordinary diamond film, such as low friction coefficient, low surface roughness and strong field emission properties. Moreover, the poor electronic mobility of intrinsic NCD film can be tuned by element doping. The n-and p-type semiconductor NCD film can be obtained by doping nitrogen and boron in the diamond lattice, respectively. The doped NCD film has outstanding field electron emission properties, low onset field and high current density which make NCD film has unparalleled advantages in field emission electron (FEE) application than other materials. Meanwhile, the resistivity of the doped film is a function of the concentration of the gas precursor.
The crystalline grains of NCD film, consisting of diamond phase more than 95%, are between tens to hundreds nanometres in size. Many studies showed that the NCD film had characteristics of high hardness, low friction coefficient, and low surface roughness. The hardness of the NCD film was slightly lower than that of the microcrystalline diamond film, while the friction coefficient and surface roughness of the NCD film were lower one order of magnitude than that of the microcrystalline diamond film, which made it become an excellent mechanical coating material. Especially, the NCD film has favorable biocompatible and bioinert property which have been considered as the biomaterial of the 21 st century. The bio-properties of the NCD film had been investigated extensively.
The performances of the cells' adhesion, cultivation, proliferation on the NCD film were influenced by the surface modification of the film. The surface topography, surface functionalization and the doping level affected greatly the cell growth. According to the reports, the adsorption of the protein was high on rough NCD film comparing that of the low roughness NCD film. The proliferation of the neuroblastoma on the hydrogen terminated NCD film and the differentiation of the neural stem cell on the boron doped NCD films also had been demonstrated. Therefore, the NCD film can be used in the biological application on account of the excellent biocompatible properties of the film. The joint replacement implants and protective coatings, such as the protective coating of the hip prosthesis and the artificial heart valve, had been widely investigated. While the application in the ophthalmology was rarely reported.
Recently, the NCD film found potential application inn ophthalmological prosthesis. The NCD film could help to restore the sight and deposit on the retinal implant as long-term coating. NCD film was smooth surface and with non-diamond phase deposited by MPCVD in carbon-lean and hydrogen-rich environment. Figure 1 (b) presented the scanning electron micrograph of the surface [4] . The NCD film had the clear facet crystal grain, and the surface roughness was low. Grain size in the film was between 50 and 100 nm.
Raman spectrum is sensitive to carbon nanophase, thus becomes the best tool for analyzing the chemical component of carbon materials. Figure 2 showed the typical Raman spectra of NCD films [5] . These films were deposited by the microwave plasma CVD system using the CH 4 /H 2 /Air as the gas precursor, and the inset presented the thickness of the films corresponding to the deposition time.
Six peaks were observed in the Raman spectrum. There are trans-polyacetylene (t-PA) peaks, which refered to the grain boundary phase in the nanodiamond [6] . The D band was attributed to the disorder carbon bond and G band related to the graphite phase and amorphous carbon with Raman shift at 1360 cm −1 and 1580 cm −1 , respectively. The fingerprint of the diamond phase was at 1332 cm −1 [7] . The intensity of the t-PA and G-band peak increased with the thickness indicating the chemical structures of grain boundary were changed. For instance, the similar Raman spectrum was found in the film grown in the methane-lean. 4 (6%) as the gas precursor with the microwave power at 1200 W [8] .
The similarity of the Raman spectra showed the similarity of the chemical structure.
Another category of NCD is the ultra-nanocrystalline diamond (UNCD) [9] [10] [11] . To distinguish the difference between NCD and UNCD, UNCD is defined as diamond films with the grain size in the range of 2 to 10 nm and the film's boundary containing the sp 2 -C. The surface of UNCD is very smooth, moreover, the surface roughness do not increase with the thickness of the film
[12] [13] . The typical UNCD film is grown in the argon rich and hydrogen poor environment, with a typical ratio of argon, hydrogen and methane is 99% -95%, 1% -4%, 1% -2%, respectively. Therefore, many research teams were attracted by the potential applications of NCD and UNCD and started to study the synthesis, characterization and application of NCD and UNCD.
Properties of Nanocrystalline Diamond
The hardness of NCD film synthesized by CVD is approximately close to that of the natural diamond, while the friction coefficient is lower than that of the natural diamond. Therefore, NCD film is an excellent coating material, such as cutting tool and dry friction material. Liu et al. prepared the UNCD films on the Si and Si 3 N 4 substrates with different pre-treatments of the substrate surface [14] . They found the hardness of the films grown on the different substrates was similar. Many researches had verified that NCD films had characteristic of high hardness, low friction coefficient, and low surface roughness. Fendrych et al. reported the NCD films deposited by the plasma enhanced linear antenna microwave CVD system via the gas mixture of H 2 -CH 4 -CO 2 [15] . The roughness is below 30 nm and the friction coefficient of the NCD film below 0.8. Bogdanowicz et al. investigated the surface roughness of the film affected by the thickness of the TiO 2 interlayer deposited via magnetron sputtering [16] . They found the roughness of the film decreased with increasing of the thickness of the interlayer, and the roughness of the film was 18 nm after depositing the interlayer for 1 h.
Li et al. studied the different metallic seed layers affected on the properties of NCD film [17] . The Mo, Ti, W layers were deposited on the Si wafer and grown the naocrystalline diamond film by microwave plasma CVD method. The surface root mean square roughness of the NCD film on the Mo, Ti, W layer was 20.8, 23.7, 19.4 nm, respectively. These unique properties of NCD film, such as friction and wear properties, have more prominent than microcrystalline diamond film. Table 1 presented the comparison of some properties of NCD and the microcrystalline diamond. The surface of NCD is smoother and the friction coefficient is lower than these of the mircocrystalline diamond. Meanwhile, NCD film also has good wear resistance and high mechanical strength, which is an ideal material for components in MEMS, nanoelectro mechanical system (NEMS) [19] . Advances in Materials Physics and Chemistry Diamond's band gap is the widest in all semiconductor materials, and the band gap of high purity diamond is 5.5 eV. With the increases of impurity concentration, the band gap of diamond decreases. When the III group (B, Ga, As) and V group elements (N, P) are doped into the NCD film, the resistivity of NCD film decreases. These excellent semiconductor properties make it possible for doped NCD film applied in the field of semiconductor device. The doping method of NCD film mainly includes film growth process doping (CVD doping) and ion implantation. The CVD doping is the incorporation of doped atoms into the film during the CVD growth of diamond film, which is the most commonly used doping method for diamond doping. While, ion implantation doping can effectively control the impurity type and concentration in the diamond film, which widely used in the semiconductor process. Meanwhile, ion implantation doping can also control the density and depth distribution of impurities in diamond film. However, it is important to control the appropriate ion implantation process and the subsequent annealing process, since ion implantation process will inevitably cause defects damaging the lattice of diamond. Generally, the electrical properties of the NCD and UNCD film can be improve by doping to obtain p-and n-type semiconductor film [20] [21] . For p-type NCD films, boron is the only element can be easily introduced into the lattice of diamond films without apparently changing the structure. Boron has small atomic radius, which is shallow acceptor impurity of diamond, so the resistivity of diamond film after boron doping has declined sharply, leading to the improvement of the conductive performance of the film [22] [23] . The suitable concentration of boron doping not only improves the conductivity of diamond film, but also improves the crystal quality and morphology by adding a small amount of boron to diamond film. Some other elements, like S and As, are unsuccessfully doped in NCD film due to its geometric and energetic properties are not similar.
The field emission property of boron-doped NCD film had been presented in Figure 3(a) , in which the onset field was demonstrated to be 0.36 V/μm [24] , and the doped diamond film had better field emission properties. At present, the study on the boron doped p-type NCD film was relatively mature, whose resistivity reaching 10 −2 Ω·cm could meet the device requirement. In general, n-type NCD film is doped by nitrogen which can be deposited by the microwave plasma CVD with the gas precursor CH 4 broblasts [34] . The surface roughness of NCD film deposited on the glass substrate was about 28 nm, and the surface roughness of NCD film deposited on the Ti substrate was about 110 nm. The protein adsorption on the high roughness NCD film was higher than that of the low roughness NCD film in their experiments. Furthermore they used the boron as the doping element, they found that the protein adsorption of the boron doped NCD film was higher than that of the NCD film in both high surface roughness and low surface roughness. Figure 4 showed the SEM images of the cells cultured on the film after 24 h. In general, the adhesion of the cell on the high roughness of the film was better than that on the film with the low roughness, whether the untreated and doping or not.
Among these films, the untreated film presented the highest level of protein adsorption. Furthermore, there appears no difference between the undoped and doped films. While the hydrogen termination surface of NCD film had hydrophobic and conductive properties and the oxygen termination surface of the NCD film had hydrophilic and electrical resistive properties, such unique properties made NCD films use as cell-based biosensors [35] [36].
Cellular adhesion is very important for many biological processes, because the adhered cells can sense, integrate, interpret and respond to some extracellular signals due to specific interaction between features preset on the NCD-based surface and cell surface receptors [37] . Bajaj et al. demonstrated that the rat pheochromocytoma cells were cultivated on different substrates, such as UNCD film, silicon and platinum and investigated the cell adhesion, proliferation and growth of the cell on those substrates [38] . As a result, the cell on the UNCD was suppressed by the hydrogen terminated NCD surface. On the oxygen terminated NCD surface, however, the adhesion of the cell was improved [45] . The UNCD film also used as the substrate for the growth and proliferation of the cells, the suitability and noncytotoxicity of these films had been investigated [46] . Auciello et al. demonstrated that the surface of UNCD could be used to grow and differentiate the embryonic stem cells, and then the embryonic stem cells differentiated into retina photoreceptors to treat the blind patients caused by the death of the photoreceptors [47] . Eventually, NCD film had gradually applied in the media field and became excellent media material. In the field of Advances in Materials Physics and Chemistry medicine, NCD film had attracted extensive attention due to its good biocompatibility, corrosion resistance, high surface area and ease to modify.
In summary, the semiconducting NCD film was gained by doped the elements, such as nitrogen, boron. The n-and p-type NCD film both showed the excellent electrical properties. The mechanical properties were affected by different metal layer also had been shown, NCD film had great hardness and low surface roughness. The biological properties had been discussed, such as the adhesion, cultivation, proliferation of the cell on the NCD film.
Microwave Plasma Chemical Vapor Deposition
The chemical vapor deposition process is mainly involved gas phase react on the solid surface and film growth. Substrate temperature is a vital factor for diamond deposition. NCD film was deposited by MPCVD at substrate temperature between 300˚C to 1000˚C. Subranmanian et al. reported the substrate temperature was maintained at 800℃ during the deposition process [48] . The deposition parameters are CH 4 /H 2 /N 2 as the reactive gas, the microwave power maintained at 550 W and the pressure maintained at 28 Torr. Das et al. kept the substrate temperature at 200˚C to 300˚C without external heating [49] . The substrate was automatically heated due to the substrate close to the plasma. A stainless steel multi-mask system was used to protect the substrate from the damage of the active plasma. The XPS experiment found the film contained 84.77% sp 3 phase, indicating the good quality of the film. Sankaran et al. reported the nitrogen incorporated ultraNCD film with the gas precursor N 2 (96%) and CH 4 (4%) by microwave plasma CVD method [50] . A negative bias with 250 V was applied to the substrate in the growth process, and the substrate temperature was around 450℃ heated by the plasma.
The microstructure of the film is a function of the nitrogen incorporated UNCD film. Lin et al. studied the incorporation of H 2 into Ar plasma and investigated the vary of the microstructure of NCD film with a gas mixture of the CH 4 /Ar/H 2 and the flow rate of the CH 4 maintained at 1 sccm (standard state cubic per Advances in Materials Physics and Chemistry minute), and the (Ar-x%H 2 ) = 99%. The substrate temperature was kept at between 460˚C and 595˚C without external heater [51] . It is generally believed that the low substrate temperature is favorable for improving the re-nucleation rate during deposition, which refines the grain size to achieve high flatness, high quality and large area of nanocrysatlline diamond film. However, the high substrate temperature is benefited to the growth rate. Thus, the substrate temperature was controlled in a certain range in the process of deposition of NCD films to obtain high quality NCD film.
Another advantage of MPCVD is that the NCD film has relatively high growth rate, due to high density plasma and plasma composition. Tang et al.
presented that the NCD film was synthesized using CH 4 /H 2 /O 2 /N 2 as the gas precursor with high growth rate of 2.6 μm/h [52] . The process used high microwave power of 3 kW and the substrate temperature at 700˚C. Tang Table 2 showed the different growth rates of the NCD film by different groups. It is clear that MPCVD achieved high growth rate.
MPCVD generated high density plasma, which can enhance the concentration of the active species and be benefit for depositing film. And this method can generate plasma without the electrode, thus deposit high quality and high purity NCD film by inhibiting impurities introduce. large area film, but the HFCVD was severe to the substrate and the impurity would introduce to the film. The MPCVD was widely used in the laboratory and factory since MPCVD had the advantages of the low temperature, high growth rate and low deposition pressure.
Biocompatible Application
Nanocrystalline diamond film has attract the attention of many researchers in materials, physics, biology, electronic and other fields for the outstanding physi- was carried out. The NCD film was the good candidate for the protective coating of the hip prosthesis, femoral head [65] . The NCD film could avoid the attachment of the cells, thus the NCD film could be deposited on the artificial heart valve for the protecting coating. NCD film deposited the heart valve ring as the protecting coating [66] , with the dense NCD film covered on the Ti surface. The
Raman spectra showed the film still covered well on the heart valve ring after the Advances in Materials Physics and Chemistry mechanical fatigue test.
Another potential application of the UNCD films is the ophthalmological prosthesis. The UNCD films were coated on an implantable microchip that inside human eyes for restoring the sight. The protective coatings of the implantable microchip protected the microchip from the eye fluid and protect eye from the hip material, therefore the UNCD film's own the bioinertness and biocompatibility were the reliable candidate for the ophthalmological prosthesis. Common artificial retinal chips were made from silicon, while silicon had poor biocompatibility. UNCD film could be deposited on the silicon chips and a small amount of hydrogen was added to improve the hydrogen doping in the grain boundaries, thus reduced leakage current. This method improved the biocompatibility and survival time of the implantable chips [67] . The UNCD film was applied in the novel approach to treat the retina detachment [68] . In this method, the UNCD was coated on the magnet which attachment on the outside wall of the eye, and then inject the superparamagnetic nanoparticles. Under the external magnet, the magnetic field made the nanoparticles pull the retina back to the wall of the eye. The UNCD coating made the magnet more biocompatible and the attachment could be long-term. Recently, the boron doped porous NCD electrode on retinal implant was mentioned [69] . This retinal prosthesis helped the blind patient, who suffered from hereditary diseases, to restore vision. In addition, the Argonne national laboratory researchers used UNCD film to differentiate embryonic stem cells into retinal photoreceptor cells, which helped those blind people who caused by genetic defects [37] . At present, many researchers had paid attention to the biomedical application of diamond film. For example, Cai et al. reported the application for the NCD film for the cochlear implants [70] . Human inner ear ganglion neurites and the neural progenitor cell could attach well on the NCD surface. Due to titanium and its alloys couldn't endure electrochemical corrosion in the oral environment, Patel et al. investigated the electrochemical behavior of the UNCD film coated on the titanium and its alloy, and found the UNCD coating could be used as the dental implants [71] . In addition, UNCD film can be used as bio sensors enable real-time and continuous detection of molecules for monitoring patient health [72] [73].
Conclusions
In summary, the CVD nanocrystalline diamond thin film and its biological ap- The outstanding mechanical, biocompatibility, bioinert properties made the NCD and UNCD film can be used for medical application, such as, the joint implantation and ophthalmological prosthesis.
This paper discussed the growth of NCD films and its biocompatible application, a research field developed rapidly and have been exploiting extensive applicable prospects. MPCVD is a promising technique in which n-and p-type NCD films can be formed in deposition process by introducing nitrogen or boron containing precursors. The biocompatible property is related to film structures and the doping types and concentration, thus these studies may provide a foundation for NCD films in applicable biotechnology and bio-devises.
